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SUMMARY 
 
A series of as-grown ZnO layers have been electrically characterised by the 
temperature dependent (20 – 300 K) Hall-effect technique. The ZnO layers were 
grown by metal organic chemical vapour deposition (MOCVD) on glass substrates 
under various growth conditions. The temperature dependent Hall-effect technique 
produced mobility and carrier concentration measurements. These measurements 
were found to be reproducible and reliable. The carrier concentration data for the 
layers was fitted by the charge balance equation to accurately determine the donor 
level and corresponding donor concentration as well as the acceptor concentration for 
each sample. The measured donor levels were found to vary from sample to sample 
and there is evidence from the results that the variations are related to the differing 
growth conditions of the layers. 
 
The mobility data was also fitted to establish the dominant electron scattering 
mechanisms in the layers. The dominant scattering mechanisms were found to vary 
from sample to sample. For most of the layers studied, the dominant scattering 
mechanism was found to be both the ionised impurity scattering at low temperatures 
(20 – 100 K) and grain boundary scattering at higher temperatures (100 – 300 K). 
 
The effects of exposing the ZnO layers to hydrogen plasma were also investigated by 
the temperature dependent Hall-effect technique. Findings indicate that hydrogen is 
readily incorporated in ZnO, leading always to an increased carrier concentration. It 
was further noted that incorporating hydrogen into ZnO in some layers increased the 
mobility while in other layers it caused a decrease in the mobility. The hydrogenated 
samples were subsequently annealed at 600 °C for 1 hour in argon ambient resulting 
in the carrier concentration reducing to its original value. This effect is attributed to 
hydrogen diffusing out of ZnO.   
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Chapter 1 
 
INTRODUCTION 
 
Zinc oxide (ZnO) is a II-VI compound that has in recent times been rediscovered for 
the second time. Reports show that interest in ZnO dates as far back as 1935 or even 
earlier but has been on and off [1]. The prolonged interest on ZnO is a result of its 
unique physical properties such as piezoelectricity, conductivity, magnetic, optical 
and optoelectronic properties. ZnO has been proposed as the best candidate for a wide 
range of possible device applications owing to its wide and direct band gap of 3.37 eV 
[2]. Such applications include being used in the optical and magnetic memory 
devices, high power, high speed and high temperature electronic devices, solar cells 
(transparent conducting electrodes), displays, gas sensors and many more. ZnO, 
because of its high exciton binding energy (60 meV) [3] further opens up the 
exceptional prospect of fabricating even brighter light emitters than the current GaN 
based devices.  
 
Reports show that the current interest in ZnO was initiated by the successful 
demonstration of high quality bulk grown ZnO crystals and epitaxial layers by various 
growth techniques [3]. ZnO has however suffered severe set backs which have to date 
hindered the realisation of some of the above mentioned photonic and electronic 
devices. One of the set backs suffered by the ZnO research is the difficulty to 
fabricate good Schottky contacts. Some groups however, have successfully 
demonstrated good Schottky contacts but have to date not been able to reproduce 
them [3]. Another problem is that p-type doping in ZnO is not easy to achieve, and 
even though some groups have successfully produced p–type ZnO, reproducibility is 
still lacking [4-6]. It is evident from these reports that the realisation and 
commercialisation of the ZnO-based photonic and electronic devices depends on the 
control of doping in ZnO and hence more work needs to be done. Most research on 
ZnO has as a result, been focused around the understanding of the defects that control 
doping in ZnO. 
 
As-grown ZnO is known to exhibit n-type conductivity with a high electron 
concentration of typically 1017 cm-3 [5]. The donors responsible for this apparent n-
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type conductivity have not yet been clearly identified. For a long time, the n-type 
conductivity in ZnO has been attributed to the native defects such as zinc interstitials 
(Zni) and oxygen vacancies (VO) [7, 8]. Other researchers though have proposed 
hydrogen as the candidate for explaining the n-type conductivity in ZnO [9-11]. The 
impurity hydrogen, possibly incorporated in ZnO during the growth process, gained 
even more attention when theoretical studies showed that hydrogen forms a shallow 
donor in ZnO [9]. Unintentionally introduced impurities, F and Cl sitting on the 
oxygen lattice site and Al and Ga on the Zn lattice site have also been considered as 
dopants responsible for the observed n-type conductivity in as-grown ZnO layers [12]. 
The identification and control of these defects is important since a low n-type 
concentration in as-grown ZnO would be better usable for achieving p-type ZnO. The 
research focused on producing p-type ZnO has shown considerable progress using 
group V (N, P, As and Sb) and group I (Li, K, Na) elements as p-type dopants [1, 6]. 
 
Many characterisation techniques have been employed for assessing the ZnO 
semiconductor and obtaining information about the defects in the material. Look et al. 
[5] however, proposed the temperature dependent Hall-effect measurements and low-
temperature photoluminescence spectroscopy as the two most powerful 
characterisation techniques. Indeed, a number of reports have implemented the Hall-
effect technique and  have demonstrated high quality n-type bulk ZnO grown by 
seeded chemical vapour deposition with room temperature mobilities of 200 cm2/V.s 
and corresponding electron concentrations of about 6 × 1016 cm-3 at room temperature 
with a low acceptor concentration of 2 × 1015 cm-3. The shallow donor levels present 
in the bulk ZnO crystals were measured to be 30 meV, 44 meV and a seemingly 
deeper one at about 60 meV [13]. 
 
Reports on epitaxial ZnO layers grown by different techniques on various substrates 
have up to now reported very low mobilities, typically less than 100 cm2/V.s. For 
some of the prospective ZnO applications, the quality of these layers has to be 
improved. The reduced mobilities on the epitaxial layers as compared to the bulk ZnO 
have been attributed to the thin, highly defective interfacial layer between the 
mismatched substrate and the ZnO layer [6]. A study that has been undertaken to 
address this problem has been that of inserting low temperature buffer layers between 
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ZnO and the substrate [14]. The study has proved successful with mobilities well over 
100 cm2/V.s reported. 
 
In this dissertation, an analysis of the temperature dependent Hall-effect 
measurements carried out on as-grown ZnO layers grown by MOCVD on glass 
substrates will be presented. Furthermore a temperature dependent Hall-effect study 
of hydrogen plasma treated ZnO layers will be presented. The results obtained from 
this work are discussed and compared to the work reported by other researchers. 
 
The dissertation is organised as follows: 
In chapter 2, the basic physical properties of ZnO, the ongoing research efforts by 
other groups in trying to identify the defects that are responsible for the observed n-
type doping in as-grown material, as well as the efforts to achieve p-type doping, are 
reviewed.  
 
The theory of the Hall-effect is reviewed in chapter 3. The temperature dependent 
Hall-effect, together with the van der Pauw geometry, are discussed as a means of 
electrically characterising the n-type ZnO layers. The two-layer Hall model which is 
used to determine the Hall electrical properties of the ZnO layers without influence 
from the ZnO/glass interfacial layer is briefly introduced. The electron scattering 
mechanisms that could be dominant in ZnO films are discussed as well.   
 
In chapter 4, the experimental techniques and procedures used in this study are 
summarised. These techniques include the crystal growth facility (the metal organic 
chemical vapour deposition system), the temperature dependent Hall-effect technique 
and the hydrogen plasma system. 
 
The experimental results from this study are presented in chapter 5. The 
reproducibility and reliability of the temperature dependent Hall-effect measurements 
on n-type ZnO layers is demonstrated. The influence of the ambient conditions on the 
electrical properties of the layers is presented. The temperature dependent Hall-effect 
data on the ZnO layers is then fitted to accurately measure the donor and acceptor 
concentrations and donor levels. The dominant electron scattering mechanisms in the 
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layers are discussed. The influence of hydrogen plasma in the electrical properties of 
the layers is also investigated by the temperature dependent Hall-effect technique.    
 
In chapter 6, some conclusions are drawn and also possible future work is outlined.  
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Chapter 2 
 
THE BASIC PHYSICAL PROPERTIES OF ZnO 
 
In the introductory chapter, a wide range of ZnO applications have been outlined, but 
to optimise the use of ZnO devices it is essential to obtain a basic understanding of its 
properties. In this chapter therefore, the basic physical properties of ZnO such as the 
crystal structure and the electronic band structure are discussed. Furthermore, possible 
ZnO defects which include both the impurities as well as the native point defects and 
their complexes are presented. 
 
2.1 THE CRYSTAL STRUCTURE OF ZnO 
                                        
Figure 2.1: The wurtzite crystal structure for ZnO 
 
ZnO crystallises in the wurtzite, zinc blende and the rocksalt crystal structures, with 
the wurtzite structure being the most thermodynamically stable. The wurtzite structure 
is composed of 2 interpenetrating hexagonal close packed sublattices, each consisting 
of one type of atom displaced a quarter-way up the body diagonal. The zinc atoms are 
tetrahedrally coordinated to 4 oxygen atoms where the zinc d electrons hybridise with 
        Zn O 
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oxygen p electrons. This coordination is a typical sp3 covalent bonding, however the 
electron affinity for oxygen is higher than that for zinc, meaning the electron cloud 
density will be greater towards the oxygen atoms and thus introducing a partially 
ionic bond. These strong partially ionic bonds in ZnO are responsible for its properties 
such as the high melting point of 1975 °C and wide band gap of 3.37 eV [1]. Table 
2.1 shows measured ZnO properties; it is interesting to note that they are comparable 
to some of the theoretically determined values [2]. 
 
Table 2.1: Basic properties of ZnO at 300 K (adapted from S.J. Pearton et al., 2005 
[1]) 
 
Property Value 
Lattice parameters 
    a0 
    c0 
    a0/c0 
    u 
Density 
Stable phase 
Melting point 
Thermal conductivity 
Linear expansion coefficient (/°C) 
 
Static dielectric constant 
Refractive index 
 
 
0.32495 nm 
0.52069 nm 
1.602 (ideal hexagonal structure shows 1.633) 
0.345 
5.606 g/cm3 
Wurtzite 
1975 °C 
0.6, 1-1.2 W/ Km 
a0: 6.5 × 10-6 
c0: 3.0 × 10-6 
8.656 
2.008, 2.029 
 
 
 
 
2.2 THE ELECTRONIC BAND STRUCTURE OF ZnO  
 
Figure 2.2 shows the energy band structure for wurtzite ZnO obtained from a first 
principle’s calculation by Vogel et al. [3]. The calculation of the electronic band 
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structure is very complex and will not be discussed in this dissertation. The reader is 
therefore directed to a recent review of ZnO for a complete description of the various 
theoretical and experimental techniques used in determining the ZnO electronic band 
structure [2]. 
                                   
                                                    Wave vector (k) 
 
Figure 2.2: The electronic band structure of ZnO after Vogel et al (1995). 
 
The electronic band structure is given as the energy-momentum (E-k) relationship and 
figure 2.2 shows a recent typical calculation of the band structure of ZnO. The 
maximum of the valence band and the minimum of the conduction band for ZnO 
occur at the same point in k space (i.e. at the Γ point) and therefore the band gap is 
direct. ZnO has a wide band gap which has been measured to be 3.37 eV at 300 K [4] 
in consistence with the most recent calculations above which produced a band gap of 
3.77 eV [3]. The direct and wide band gap of ZnO together is particularly important 
for possible application in the manufacturing of optoelectronic devices. 
   
Table 2.2 below gives more ZnO parameters that have been derived from the 
electronic band structure. In a recent publication it is reported though that there is still 
uncertainty in some of the values (particularly the hole mobility and the hole effective 
mass) because of the limited number of reports in those studies [1]. The publication 
also mentions variations in other basic properties of ZnO such as the thermal 
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conductivity but there is however considerable research undertaken in trying to fully 
understand these properties. 
 
Table 2.2:  Parameters related to the electronic band structure of ZnO (adapted from   
                   S.J. Pearton et al., 2005 [1]) 
 
Property  Value 
Energy gap  
Intrinsic carrier concentration 
 
Exciton binding energy 
Electron effective mass 
Electron Hall mobility (bulk ZnO) 
Hole effective mass 
Hole Hall mobility 
3.37 eV 
<1016 cm-3 (max n-type doping > 1020 cm-3 
electrons; max p-type doping < 1017 cm-3 holes 
60 meV 
0.24 
200 cm2/V.s 
0.59 
5-50 cm2/V.s 
 
 
 
2.3 DEFECTS IN ZnO 
 
The understanding of the defects in ZnO is still very limited. Temperature dependent 
Hall-effect studies and several other techniques have been used to measure the defect 
levels in bulk ZnO and layers. It is noteworthy that up to date there has not been 
positive identification of the defects associated with the measured energy levels. 
Nonetheless common native defects in ZnO have been identified to be the oxygen 
vacancy VO, zinc vacancy VZn, oxygen interstitial Oi, zinc interstitial Zni and oxygen 
antisite ZnO [5]. The impurity donors in ZnO have been attributed to H and the group 
III elements Al and Ga. The acceptor impurities in ZnO on the other hand have been 
identified as the group I elements. The next subsections specifically deal with the 
donor and acceptor levels in ZnO.      
  
 
 
 9 
2.3.1 Donor levels in ZnO 
 
All nominally undoped ZnO has up to date been shown to be n-type. For a long time, 
the analysis of the temperature dependent Hall-effect measurements on high quality 
bulk ZnO grown by the vapour phase method has typically been shown to display two 
donors, a shallower one at 30-40 meV and a deeper one at 60-70 meV [6]. In a recent 
report though, the temperature dependent Hall-effect measurements on the same bulk 
ZnO has been shown to display three donors, with energy levels at about 30 meV, 44 
meV and at around 60 meV [7]. The identity of the donors responsible for the n-type 
conductivity has been a debatable issue for quite a number of years. In this section, 
the improvements in understanding the origin of the n-type conductivity as revealed 
by various reports will be discussed. It is important to consider the identity of the 
reported donors in ZnO because in this work a similar study is undertaken. The ZnO 
layers from this work have been grown by a vapour phase method and the defect 
levels in the material were measured by the temperature dependent Hall-effect 
technique.  
 
The dominant donors in ZnO responsible for the observed n-type conductivity have 
for quite some time been attributed to the native defects, VO [8] and Zni [9]. This 
assumption was the result of the abundance of n-type ZnO. The assumption was later 
challenged when Kohan et al. [10] in 2000 showed VO and Zni were deep donors and 
also had high formation energies, thereby excluding them as possible dominant 
donors in ZnO. A later theoretical report by Zhang et al. [5] in 2001 showed that both 
VO and Zni should indeed have donor transitions, but revealed that VO is not a shallow 
donor but a deep donor and therefore could not be the dominant donor in ZnO. This 
calculation was in keeping with an electromagnetic resonance spectroscopy study in 
1963 that showed that VO is a deep donor [11]. Vanheusden et al. [12], following the 
finding that VO is deep, suggested that the free carrier concentration measured in ZnO 
samples was too high (and therefore could not be explained by the native defect, VO) 
and suggested Zni as the shallow donor in ZnO.  
 
In the report by Zhang et al. [5] it was indeed shown that Zni is a shallow donor. But 
it is also reported however that both VO and Zni have high formation energies. This 
suggests therefore that they could not be the dominant donors in ZnO since they both 
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cannot account for the high free carrier concentrations. In spite of all these findings 
about these native defects, some reports have adamantly attributed the n-type 
conductivity in their particular samples to either VO or Zni.  
 
The temperature dependent Hall-effect measurements by Look et al. [9] on bulk ZnO 
proposed the possibility of the measured 30 meV donor level (with a concentration of 
6×1015 cm-3) to be Zni or related complexes. With the revelation that Zni and VO are 
deep defects and therefore were not significant donors in ZnO, most researchers then 
believed that the 30 meV donor measured in ZnO was actually hydrogen. This belief 
was arrived at from annealing experiments where the 30 meV donor level seemed to 
disappear after annealing at temperatures (higher than 600 °C) where hydrogen in 
known to outdiffuse from ZnO [13]. There was still no experimental evidence that 
proved that hydrogen was for a certainty the 30 meV donor. 
 
Many researchers accepted the possibility of native defects not being the origin of the 
n-type conductivity in ZnO and therefore diverted their attention to n-type impurity 
dopants as candidates in explaining the n-type conductivity in ZnO [5, 14].  The 
foremost one of these dopants that has perhaps been given a lot of attention by various 
researchers is hydrogen. This is the case because hydrogen is very abundant and can 
be easily incorporated in ZnO during the crystal growth process. Most importantly in 
ZnO, hydrogen occurs exclusively in the positive charge state, meaning that it always 
acts as a donor. Early experimental studies suggested that hydrogen in ZnO indeed 
acted as a donor [15-17]. In these reports, they observed an increase in n-type 
conductivity as a result of hydrogen diffusing into ZnO.  
 
The considerable interest in the properties of hydrogen in ZnO in recent times is a 
result of Van de Walle’s prediction that atomic hydrogen will form a shallow donor in 
ZnO [14]. Experimental work focused on investigating the influence of hydrogen in 
ZnO has been carried out and has been found to be consistent with the nature of 
hydrogen as donor in ZnO [18-20]. In these papers, an increase in the n-type 
conductivity was observed as a result of hydrogen incorporation.  
 
A report by Theys et al. [20] explained the increase in the n-type conductivity for 
their layers as a result of hydrogen introducing a donor level in ZnO. An alternative 
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explanation is reported by Lavrov et al. [19] where they show that introducing 
hydrogen into ZnO caused an increase in the n-type conductivity. They attribute this 
increase in the n-type conductivity to the passivation of the acceptors such as VZn and 
Oi. More about these acceptors will be discussed in the next subsection. These reports 
are very significant because in this present study, the electrical properties of ZnO 
layers that have been exposed to hydrogen plasma will also be investigated.  
 
The second and seemingly deeper donor in the bulk ZnO samples with energy of 
about 60 meV and a significantly higher concentration of about 1017 cm-3, has been 
measured in addition to the 30 meV already discussed. The best candidate for this 
donor is thought to be AlZn, since it is known that Al is a contaminant of ZnO and that 
deliberate Al doping can produce very high free carrier concentrations [21]. The 60 
meV donor has been measured in PLD ZnO layers grown on sapphire substrates as 
well [22]. In these layers this donor has been attributed to Al which is known to 
diffuse into ZnO during the growth process.  
 
Look et al. [7] in his most recent report used the temperature dependent Hall effect 
measurements on bulk ZnO and measured three donors, the usual 30 meV and the 60 
meV donors with a new 44 meV donor level. In this report the 60 meV donor remains 
assigned to AlZn, the new 44 meV has been assigned to hydrogen and the 30 meV 
donor has been attributed to Zni or a related complex. The assignment of the donors 
was a result of coupling photoluminescence and Hall measurements on high energy 
irradiated ZnO bulk samples. The report shows that a production of shallow donors at 
30 meV (similar to as-grown) was observed and was especially high in the Zn-face 
compared with the O-face, leading to the claim therefore that the donors are either Zni 
or related complexes. 
      
It is interesting to note also that a deep donor with activation energy of 340 meV has 
been measured by the temperature dependent Hall-effect technique on a 
hydrothermally grown ZnO sample by both Look et al. [23] and Grundmann et al. 
[22]. The shallow 30 and 60 meV donors were not measured in this sample. This has 
been attributed to possible compensation of the donors with group I elements. Some 
reports interestingly find it comparable to an identical donor that has been measured 
by DLTS measurements on ZnO but its identity is not known yet. 
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2.3.2 Acceptor levels in ZnO 
 
The nominally undoped, bulk ZnO samples have also been shown by temperature 
dependent Hall effect measurements to be weakly compensated, with an acceptor 
concentration of only 2 ×1015 cm-3 [6]. Many potential acceptors in ZnO have been 
investigated in search for reproducible p-type ZnO. These acceptors include both the 
native defects and extrinsic p-type dopants. The most common intrinsic acceptors in 
ZnO are the VZn and Oi. The theoretical studies of Zhang et al. [5] revealed that these 
defects are shallow, meaning that they can supply holes even at room temperature. 
But the report also shows that these defects have high formation energies which 
means that they can be easily compensated by the intrinsic donors such as VO and Zni 
which have relatively lower formation energies. It is currently believed therefore, that 
ZnO can not be doped p-type via native defects. 
 
P-type conductivity has been observed by some groups though, using potential p-type 
dopants in ZnO such as N, P, Li, Cu, K and Ag, but there has been no reproducibility 
reported to date [24]. This study is part of the ongoing research in the ZnO field 
because much of the ZnO-based technology is dependent on the control of doping in 
the material.  
 
2.3.3 Dislocations in ZnO 
 
The other sources of defects in ZnO are the dislocations, particularly for epitaxial 
layers. It is reported that dislocations are common in ZnO layers grown on 
mismatched substrates [24]. This report shows that in ZnO grown on sapphire 
substrates, dislocations of concentration of about 1010 cm-2 or higher are produced at 
the interfacial layer and move up to the surface. These dislocations have been shown 
to have serious implications on the mobility, and are usually responsible for the low 
mobility, which is typically less than 100 cm2/Vs. The report further shows that the 
best ZnO/sapphire layers exhibited a dislocation concentration of Ndis ~ 108 cm-2 and 
this concentration did not affect the mobility much. Dislocations present in 
ZnO/substrate systems are important in this work because the layers to be 
characterised were grown on mismatched substrates. More about this dislocated 
region at the ZnO/substrate will be discussed in the chapter 3.   
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Chapter 3 
 
THE TRANSPORT PROPERTIES OF ZnO 
 
The temperature dependent Hall-effect technique has proved to be an effective 
technique in the measuring of the electrical transport properties of semiconductors. It 
produces the two most important electrical parameters of a semiconductor, the carrier 
concentration and when used in conjunction with conductivity it gives also the 
mobility. These parameters are important for assessing and controlling the quality of 
the semiconductors. The temperature dependent (10 – 300 K) Hall-effect 
measurements provide quantitative information about the impurities, imperfections 
and the scattering mechanisms.  
 
3.1 RESISTIVITY AND HALL-EFFECT MEASUREMENTS 
 
In the absence of the electric field the charge carriers in a semiconductor are in a state 
of equilibrium as a result of the interaction of the carriers with the lattice defects. In 
the presence of the electric field 
~
E  however, an electric current will flow in the 
semiconductor and its density is expressed as: 
    
    
~~
EJ σ=      (3.1) 
 
where the proportionality constant σ  is the electrical conductivity of the material. 
The reciprocal value of the electrical conductivity is the resistivity, that is, ρσ /1= . 
In semiconductors where the charge carriers are both electrons and holes, the 
resistivity is expressed as: 
 
    )(
11
pnq pn µµσ
ρ
+
==    (3.2) 
 
In the case where the conduction in a semiconductor is dominated by electrons, that is 
if  
 16 
pn >> , nqor
nq nn
µσ
µ
ρ ≈≈ 1 .   (3.3) 
 
The resistivity is experimentally determined from the sheet resistance and the sheet 
resistance is commonly measured using the four point probe technique. The van der 
Pauw technique is a kind of four point probe method that offers more advantages than 
ordinary four point probe methods and it will be discussed in the next subsection with 
a simple sheet resistance measurement demonstrated.   
     
To determine the carrier concentration and the carrier type the Hall-effect 
measurements are necessary. The Hall-effect was discovered by E.T. Hall in 1879. He 
found that when a magnetic field is applied perpendicularly to a current carrying 
conductor, it sets up an electric field perpendicular to both the magnetic field and the 
current.  
 
 
 
                                                                                              
~
I  
 
 
 
 
 
 
 
Figure 3.1: A schematic representation of the Hall-effect in a semiconductor. 
 
The discussion below will focus on the treatment of the n-type semiconductor that is 
the case where current carriers are electrons. Consider a thin semiconductor material, 
schematically represented by figure 3.1, with a constant current 
~
I  flowing from 4 to 
2. In the presence of the magnetic field applied perpendicular to the current flow 
direction, the electrons will experience the Lorentz force expressed as:           
 
~
B  
4 
3 
 
~
HE  
1 
2 
z 
x 
y 
Co-ordinate  axis 
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)( zxy q BvF ×−=     (3.4) 
 
The Lorentz force will cause the electrons to drift towards the negative y direction 
until there is buildup of charge on the one side of the sample. The buildup of the 
charge will give rise to an electric field known as the Hall field: 
 
)(
~~~
BJRE HH ×=     (3.5)  
where 
~
J  is the current density and RH is the Hall coefficient. When the steady state is 
reached, since there is no net current flow along the y direction, the electric force due 
to the Hall field will balance the Lorentz force. The Hall field can be measured as the 
Hall voltage which is the potential drop across the two sides of the sample. The Hall 
voltage is defined as: 
 
    dEVH
~
=      (3.6) 
 
 The Hall coefficient is determined experimentally as 
 
    
BI
tV
R HH =       (3.7) 
 
where t  is sample thickness, VH is the Hall voltage, B is the magnitude of the 
magnetic field. The carrier type can be determined from the sign of the Hall 
coefficient. The Hall coefficient is negative for a n-type semiconductor and positive 
for a p-type semiconductor. 
qn
rRH −=      (3.8)                                                                        
 
where r  is the Hall scattering factor dependent on the scattering mechanisms and 
generally assumed to be 1 for magnetic fields above 0.1 T. The carrier concentration 
can hence be determined from eq 3.8 and in this case q  is the charge of an electron. 
The Hall mobility is obtained from a measurement of the Hall coefficient together 
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with the conductivity. The Hall mobility is expressed as the product of the Hall 
coefficient and the conductivity. 
 
    σ||Rµ H=        (3.9)                                                     
 
3.2 THE VAN DER PAUW TECHNIQUE 
 
Theoretically, it is possible to determine the resistivity by any arrangement of four 
contacts on a layer of arbitrary shape. The van der Pauw technique however, has the 
advantage that a simple arrangement results in an easy to handle equation for the 
resistivity. The van der Pauw geometry is therefore a widely used technique when 
determining the resistivity of uniform samples. The prerequisite for a van der Pauw 
configuration is that the ohmic contacts are at the circumference of the sample, that 
the contacts are negligibly small, that the sample thickness is uniform and also that 
the surface of the sample is singly connected, that is no holes or cracks forming 
isolated regions in the sample. 
 
For a simple resistivity measurement using the van der Pauw geometry, consider a 
semiconductor material with small contacts 1, 2, 3, 4 at the circumference of the 
samples as depicted in figure 3.1. In the case where the current is sent through contact 
1 and leaves through contact 2, the voltage difference is measured across contacts 3 
and 4. These two measurements give rise to the resistance R12, 34 expressed as 
 
12
34
3412 I
V
R
, 
=       (3.10)  
                                                              
Similarly, the resistance 41,23R   is obtained using the same method but different 
terminals. The resistivity is given by: 
 
     
22ln
41233412 )R(R
)(
pit
ρ
, , 
+
=      (3.11)                                                                               
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The van der Pauw technique is also effective in a Hall measurement, to determine the 
carrier concentration by measuring the Hall voltage. Referring to figure 3.1, a simple 
Hall voltage measurement is carried out by sending a current between contacts at 
diagonal opposites to each other, 1 and 3 and then measuring the Hall voltage 
between the remaining contacts 2 and 4. It is worth noting that one measurement is 
not sufficient for accurately determining the Hall voltage. The difficulty in obtaining 
accurate results is not just due to the small magnitude of the Hall voltage. There are 
several effects that influence the Hall voltage such as non-symmetric contact 
deposition, contact quality, sample shape, and temperature gradients across the 
sample. 
 
The difficulty in aligning ohmic contacts on the same equipotential plane gives rise to 
the IR effect. In the ideal case where contacts are deposited in a perfect square plane, 
when a current is introduced across contacts 1 and 3 in the absence of a magnetic field 
no voltage will be measured across contacts 2 and 4. However in the non-ideal case a 
voltage across 2 and 4 will be produced affecting the Hall voltage. 
     
The Ettingshausen effect is due to the fact that electrons in a semiconductor have 
random velocities the average of which is related to the temperature of the 
semiconductor. In the presence of the magnetic field the slower electrons will be 
deflected more than the faster ones. More energy will be deflected to one side of the 
sample than the other resulting in temperature gradients across the sample. The 
electrons will then diffuse from the hot side of the sample to the cold side producing a 
voltage across the semiconductor. 
 
The Nernst effect results from the non-uniformity of temperature throughout the 
sample creating a temperature gradient. The electrons then diffusing from hotter 
regions to the colder regions will be deflected by the magnetic field giving a potential 
difference across the sample. 
 
The Righi-Leduc effect is produced when temperature gradients existing in a sample 
cause the diffusion of electrons from hotter regions to the cooler regions. These 
electrons as well have random velocities and the slower ones will be deflected more 
than the faster one and thus give rise to the Ettingshausen effect. 
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The single Hall voltage measurement in figure 3.1, will be superimposed on the 
associated voltages mentioned above; this is mathematically expressed as: 
 
    RLNEIRH VVVVVV ++++=          (3.12) 
 
The most efficient way to eliminate these associated voltages is to acquire two sets of 
Hall measurements for positive and for negative magnetic field directions. Each set of 
Hall measurements will comprise four readings (to cover forward and reverse current 
directions as well as the swopping of the terminals). The final Hall voltage 
measurement consists of 8 voltage measurements using a constant current and a 
constant magnetic field applied perpendicular to the sample.  
 
Positive magnetic field: 
RLNEIRH43142
RLNEIRH33124
RLNEIRH22431
RLNEIRH12413
VVVVV)(VV;I
VVVVV)(VV;I
VVVVV)(VV;I
VVVVV)(VV;I
++−−−=
++++=
++−−−=
++++=
 
 
Negative magnetic field: 
RLNEIRH83142
RLNEIRH73124
RLNEIRH62431
RLNEIRH52413
VVVVV)(VV;I
VVVVV)(VV;I
VVVVV)(VV;I
VVVVV)(VV;I
−−+−=
−−−+−=
−−+−=
−−−+−=
 
 
The above set of equations reduces to: 
RLNEH262
RLNEH511
V2V2V22VV-VE
V2V2V22VV-VE
−−+==
+++==
 
RLNEH484
RLNEH733
V2V2V22VV-VE
V2V2V22VV-VE
−−+==
+++==
 
 
8/)EEE(EVV 4321EH +++=+  
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The Ettingshausen voltage cannot be eliminated from the equations but can be 
minimised by keeping the semiconductor in thermal equilibrium with its surroundings 
and taking a series of measurements in a short space of time. 
 
8/)EEE(EV 4321H +++=     (3.13)                                       
 
3.3 TEMPERATURE DEPENDENT HALL-EFFECT MEASUREMENTS 
 
The main objective in performing temperature dependent Hall-effect measurements is 
to determine the donor and acceptor concentrations and their corresponding energies 
with respect to the band edge. In a non degenerate n-type semiconductor containing 
ND impurities, it is assumed that at sufficiently high temperatures all the donor states 
are ionised, having lost their electrons to the conduction band. The semiconductor can 
be also compensated by acceptors of concentration NA meaning that the free carrier 
density of the semiconductor is AD NNn −= . The carrier density, n , will vary with 
temperature. For a wide gap n-type material such as ZnO, the dominant donor usually 
lies deeper in the band gap, closer to the Fermi level, and depending on how the Fermi 
level varies with temperature the shallower donors, closer to the conduction band gap 
can be revealed. The acceptor concentration is assumed to be constant throughout the 
sample. At very low temperatures (approaching T = 0), it is assumed that electrons are 
all trapped in the energy states below the conduction band. 
 
The above description is essentially summarised by the charge balance equation 
which is mathematically expressed as: 
 
∑
+
=+
i
Di
A
n/φ
NNn
10
    (3.14)                                                      
 
where the subscript i represents a donor state and where 
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The term 10 /gg  is a degeneracy factor and αD and ED0 are defined as ED = ED0 - αDT. 
'
CN is the effective density of states in the conduction band: 
 
3
2/3*
'
C
)22N
h
kTpim( e
=     
 (3.16)                                                        
 
where *m  is the effective mass, h  is Planck’s constant, k  is the Boltzmann constant. 
The theoretical calculation of the carrier concentration from equation 3.14 can thus be 
used to fit the experimental data to obtain the exact concentrations and energies of the 
donors and the acceptors in the band gap. This fitting is done numerically by adjusting 
the parameters AN , DN , DE  to obtain the minimum error between the measured value 
of the carrier concentration and the calculated value n . The accepted values for AN , 
DN , DE  will be those for which the mean square [ ]
2/12
0 /∑ ii nn  is a minimum, 
where in0  and in  are the calculated and the experimental free carrier concentrations 
respectively and the summation covers all the experimental point for which the fit is 
attempted. 
 
3.4 THE MOBILITY AND SCATTERING MECHANISMS IN ZnO 
 
In this section a quantitative description of the various scattering mechanisms is given 
in order to understand the dependence of mobility on temperature. The mobility, µ , 
of carriers in a semiconducting material when considering low electric fields is 
defined as the proportionality constant between their drift velocity dv and the electric 
field strength 
 
    
~
d Ev µ=
~
     (3.17) 
 
The charge carrier mobility is related to the effective mass of the charge carriers, 
*m and the average relaxation time over energy distribution of electrons, τ  
according to the equation: 
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*m
q τµ =      (3.18) 
 
When carriers drift they encounter scattering mechanisms that have great influence on 
the mobility. The relaxation time which determines the rate of change in electron 
momentum as the carrier moves in the semiconductor is the key parameter in 
characterising the scattering mechanisms. The total relaxation time when considering 
all possible scattering centres in crystalline solids is expressed by Matthiessen’s rule 
which assumes that the inverse relaxation times add up linearly: 
 
    ∑=
i iT ττ
11
     (3.19)   
 
where i represents each scattering mechanism. The most dominant scattering 
mechanisms in ZnO are outlined in figure 3.2 and will be briefly described. 
 
 
Figure 3.2: A flow diagram showing the main scattering mechanisms in 
semiconductors [Look (1989) [5]]. 
The ionised impurity scattering is the phenomenon where a moving electron will 
experience a coulomb potential in the vicinity of a charged centre caused by defects 
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and impurities The ionised impurity scattering is dominant at low temperature and its 
contribution is expressed as 
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and DL is the Debye length and IN  is the concentration of ionised impurities. The 
mobility due to the ionised impurity scattering is usually simply expressed as: 
 
   
I
I NZ
T
2
2/3
~µ  
 
The lattice scattering is another scattering mechanism. For ZnO, this mechanism 
occurs in three forms, the acoustic deformation potential, optical phonon scattering 
and piezoelectric scattering. 
The acoustic deformation potential scattering is prevalent in covalent 
semiconductors at temperatures near and above room temperature (300 – 400 K). This 
scattering of electrons results from the energy change of the band edges induced by 
strain caused by acoustic phonons. The mobility due to acoustic deformation potential 
scattering is described as: 
 
22/32/3*
242/3
)(3
2
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ld
ac EkTm
Uq ρpiµ h=    (3.21) 
 
where dρ  is the density of the material, lU  is the longitudinal sound velocity, acE  is 
the deformation potential constant and k  is the Boltzmann constant. The mobility due 
to the acoustic deformation potential scattering is simply expressed as: 
 
   
2/3
~
−Tacµ  
The polar optical phonon scattering is more prevalent in ionic semiconductor at 
temperatures higher than 100 K. It is caused by the interaction of a moving charge 
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with the electric field induced by polarisation of the ions in the unit cell. The mobility 
associated with this scattering mechanism is given by: 
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and 
∞
ε  and sε are high frequency and static dielectric constants respectively with 
)/( TDθχ a function of temperature.  
 
The piezoelectric scattering is due to a semiconductor’s lack of inversion symmetry 
where the strain associated with phonons polarise the ions and hence produce electric 
fields which scatter the carriers. The mobility due to this scattering mechanism is 
given by: 
 
    2/122/3*
0
2
)(3
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kTqKm c
s
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where cK  is the electromechanical coupling constant and 0ε  is the permittivity of 
free space. A simple expression of the mobility due to piezoelectric scattering is: 
 
    
TPZ
1
~µ  
 
Another dominant scattering in polycrystalline materials is grain boundary 
scattering. A polycrystalline material is known to be composed of grains surrounded 
by grain boundaries. These grain boundaries are highly defected regions containing 
surface trapping states that act to trap free carriers from the bulk material. The 
presence of the surface states induces the bending of bands and thus forms a depletion 
region. The formed barrier height therefore prevents the carriers from moving from 
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one grain to the next. It is reported that thermionic emission is the main transport 
mechanism between grain boundaries and that the mobility due to this scattering 
mechanism is given by:  
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T B
φµµ exp2/1'0th    (3.24) 
 
where Bφ  is the barrier height and 2/1*2'2/1'0 )}/(8{ kTmqlT piβµ =−  where 'l is the 
grain size and β is a numerical constant [3].  
 
3.5 THE TWO-LAYER HALL MODEL 
 
A brief description of the two layer Hall model is necessary in this work since the 
ZnO layers were grown on amorphous glass and c-plane sapphire substrates which are 
both structurally poor matches to ZnO. For example, the lattice mismatch between 
ZnO and c-plane sapphire is 18.3 % [6]. The interfacial region between the substrate 
and the ZnO layer will consequently be dominated by a high concentration of misfit 
dislocations that will have an influence on the electrical properties of the layer. The 
misfit dislocations also allow for an enhanced diffusion of impurities from the 
substrate into the growing layer. For example, an analysis of the temperature 
dependent Hall effect measurements carried out on epitaxially grown ZnO layers on 
sapphire substrates showed the existence of a thin, highly conductive interfacial layer 
due to Al diffusion from the sapphire (Al2O3) [7]. A recent study on bulk ZnO also 
showed that an accumulation layer is formed at the surface when the ZnO is annealed 
at temperatures above 600 °C [8]. This accumulation layer has different conduction 
properties to those of the bulk. In such cases the two layer model is essential in order 
to obtain the true carrier concentration of the bulk without influence from the 
interfacial layer or the accumulation layer at the surface. 
 
The model considers the two different layers with different thicknesses d1 and d2 for 
bulk and interfacial layer respectively. The bulk has a mobility of µH1 and carrier 
concentration nH1 while the interface has a mobility of µH2 and a carrier concentration 
nH2. The mobility and carrier concentration due to both layers is then expressed as: 
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where d is the total thickness. According to Tampo et al. [7], the ZnO/sapphire 
interfacial layer is known to be very thin meaning that d1 >> d2 which would lead to 
the conclusion that d1 ~ d. Look and Molnar [9] studied the GaN/sapphire interfacial 
layer using the temperature dependent Hall-effect technique. Their results showed that 
although the electrical properties of the interfacial layer are independent of 
temperature, its presence influences the measurements in all temperature ranges. In 
this case the carrier concentration of the interfacial layer is normalised to the whole 
volume to enable plotting the bulk and interface region concentration of the same set 
of axes: 
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The two layer model will be used in chapter 5 to interpret the results obtained from 
variable temperature Hall-effect measurements on ZnO layers grown on sapphire and 
glass. 
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Chapter 4 
 
EXPERIMENTAL TECHNIQUES AND PROCEDURES 
 
In this chapter, the experimental techniques implemented in this study are summarised. 
The MOCVD technique used to grow the ZnO layers is briefly described. The electrical 
characterisation of as-grown as well as the hydrogen plasma treated ZnO layers by the 
temperature dependent Hall-effect technique is also discussed in this chapter.  
 
4.1 MOCVD GROWTH OF ZnO   
 
The ZnO layers characterised in this study were grown by the MOCVD technique1 at 
the Nelson Mandela Metropolitan University (NMMU). Tertiarybutanol (TBOH) and 
diethyl-zinc (DEZn) were used as oxygen and zinc precursors respectively. Argon was 
used as the carrier gas. Table 4.1 shows typical growth conditions for the ZnO layers. 
 
 Table 4.1: Typical growth conditions for the ZnO layers used in this study 
 
Precursors DEZn TBOH 
Flow rates 20 cc/min 200 cc/min 
Precursor temperature 25 °C 40 °C 
Pressure 700 Torr 700 Torr 
 
The ZnO layers were grown on glass substrates. The thicknesses of the layers were 
measured using scanning electron microscopy and Nomarski optical microscopy#. All 
the layers from this study exhibited n-type conductivity with a room temperature carrier 
concentration of about 1017 cm-3. 
 
 
                                                 
1
 Dr Christian Weichesl and Mr Kittessa Roro are thanked for providing the MOCVD samples used in 
this study. 
#
 Mr Kittessa Roro is thanked for measuring the thickness of the layers used in this study. 
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A series of systematic studies were conducted in an effort to improve the quality of the 
layers. The first study involved varying the temperature of the reactor to establish the 
optimum growth temperature of the layers. The growth temperature was varied from 
250 to 480 °C. The room temperature Hall-effect measurements showed that the best 
layers were those that were grown at 380 °C. After the optimum growth temperature, 
380 °C, for the layers in this study was established, a second study was carried out 
which involved changing the VI/II ratio. The room temperature Hall-effect 
measurements were again used to determine the VI/II ratio that produced the highest 
quality layers. The VI/II ratio during growth in this work is defined according to Pagni 
et al. [2], as the ratio of the number of moles of the TBOH to the number of moles of 
DEZn. The VI/II ratio is mathematically expressed as: 
 
min/
min/
molinrateflowDEZn
molinrateflowTBOH
n
n
DEZn
TBOH
µ
µ
=  
 
The VI/II ratio was varied from 7.5 – 105. The VI/II ratio that produced the highest 
quality layers was 60. The third investigation involved varying the thickness of the 
layers and then using the room temperature Hall-effect measurements to establish the 
layer thickness that produced the highest quality layers. The layer thickness was varied 
from 0.2 – 5.8 µm. It was established that the best layers were grown at a temperature 
of 380 °C, VI/II ratio of 60 and thickness between 2 - 4 µm.   
  
4.2 OHMIC CONTACT FABRICATION 
 
Good and reliable ohmic contacts are necessary to study the Hall-effect in 
semiconductors. The ohmic contacts were easily achieved in the as-grown, nominally 
undoped n-type ZnO by soldering indium at the four corners of an approximately 5 × 5 
mm
2
 square. Many reports show that it is relatively easy to form ohmic contacts to n-
type ZnO with low contact resistivity, without even annealing, on strongly n-type ZnO 
layers. Some of the ohmic contacts reportedly used on the n-type ZnO epitaxial layers 
are Pt-Ga [3], Ti/Au [4], non-alloyed In [5], non-alloyed Al [6], Ti/Al [7]. In this work, 
the indium contacts were annealed at a temperature of 300 °C in argon ambient for 5 
minutes. The van der Pauw geometry was implemented to obtain the Hall voltage which 
is then used to calculate the carrier concentration and mobility of the films. The ohmic 
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contacts were reliable in the temperature range between 20 and 300 K and at room 
temperature the carrier concentration of the samples ranged from 1 - 7 × 1017 cm-3 and 
mobility ranged from 60 - 95 cm2/ Vs. The Hall measurements were attempted at 
temperatures higher than room temperature but results were unreliable above 400 K 
possibly due to the unreliability of the contacts because indium melts at 156 °C. 
 
4.3 THE TEMPERATURE DEPENDENT HALL-EFFECT TECHNIQUE 
 
The main apparatus used for the temperature dependent Hall-effect measurements are 
illustrated in the schematic drawing in figure 4.1. They include the electromagnet and 
its power supply, closed cycle cryostat with the compressor, temperature controller, 
current source, multimeter, and the Hall samples. The whole system is interfaced with a 
computer using a specially written computer software program based on HP-VEE. The 
Hall-effect experiment is effectively used to measure the three electrical parameters - 
the resistivity, carrier concentration and the mobility.  
 
The closed cycle cryostat is used for cooling samples to determine the temperature 
dependence of the electrical parameters. The sample with the four ohmic contacts as 
discussed in the previous section was mounted in a sample holder within the cryostat 
which was cooled by a closed cycle helium compressor. The sample temperature was 
measured with a model 331 Lakeshore temperature controller with an AlGaAs 
temperature sensor attached to the sample. For these measurements, the cryostat was 
cooled from 300 K to about 20 K. Before cooling the cryostat was evacuated to a 
pressure of at least 8 ×10-5 mbar. 
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Figure 4.1: Schematic representation of the variable temperature  
(20 – 300 K) Hall-effect system. 
 
The van der Pauw geometry discussed in section 3.2 was used to carry out the 
resistivity and Hall voltage measurements. A simple resistivity measurement requires an 
average of the two sample resistance measurements for a square sample as discussed in 
section 3.2. To carry out these measurements for a single resistivity measurement, the 
switch control unit HP 3488A which automatically switches between the measurement 
configurations was used. The current was passed through one set of contacts using a 
programmable Keithley current source model 244 with the voltage measured on the 
remaining set of contacts using the multimeter HP 34401A.  
 
The Hall voltage measurement was carried out in a similar way but in this measurement 
the sample was placed in a magnetic field environment as shown in figure 4.1. The 
electromagnets were supplied with a current from the Kepco dc power supply to 
produce a constant magnetic field of about 5000 G. A single Hall voltage measurement 
as discussed in section 3.2 requires 8 different configuration measurements. The switch 
control unit was used to automatically switch between the different configurations and 
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the data was logged and analysed by the computer to produce the carrier concentration 
and the mobility values. 
 
4.4 HYDROGEN PLASMA TREATEMENT OF ZnO LAYERS 
 
The n-type ZnO layers were hydrogenated in a dc hydrogen plasma system. The 
hydrogen plasma system used is a home-built system and is illustrated in figure 4.2. The 
quartz tube was evacuated to a pressure of about 4 ×10-2 mbar. Molecular hydrogen was 
then introduced into the quartz tube and the pressure in the tube was maintained at 0.5 
mbar. The hydrogen plasma was then created by applying a dc voltage of 600 V 
between the two parallel plates. The ZnO sample was mounted on a sample holder 
which was placed approximately 10 cm from the plasma electrodes. A reverse bias of 
between -100 to -200 V was applied with respect to the plasma electrodes causing a 
current flow from the electrodes to the sample. Hydrogen was efficiently introduced 
into the ZnO layers at a temperature of 200 °C and with an exposure time of 30 
minutes. 
 
 
 
Figure 4.2: Schematic representation of hydrogen plasma system. 
 
The ZnO samples that were exposed to the hydrogen plasma already had the four 
indium contacts at the corners of the samples. Directly after hydrogen plasma 
 To vacuum    
  system Plasma 
H2 
600 V 
 200 V 
Sample mounted 
on heater holder 
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treatment, the samples were mounted on the temperature dependent Hall-effect 
system described in section 4.3 and the effect of hydrogenation on the electrical 
properties of the layers was investigated. 
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Chapter 5 
 
ANALYSIS OF HALL-EFFECT MEASUREMENTS FOR 
UNDOPED n-TYPE ZnO LAYERS 
 
In this chapter, results obtained from a Hall-effect study of a series of ZnO layers 
grown under different conditions will be presented. A high and reproducible electron 
mobility of 95 cm2/Vs was measured at 300 K for nominally undoped n-type ZnO 
layers grown by MOCVD on glass substrates. The analysis of temperature dependent 
(18 – 300 K) Hall-effect measurements on the samples also enabled the determination 
of the donor concentration and its corresponding energy and the acceptor 
concentration. The influence of hydrogen in ZnO layers is also investigated. 
 
5.1 REPRODUCIBILITY OF THE HALL MEASUREMENTS 
 
Several ZnO samples were grown by the metal organic chemical vapour deposition 
(MOCVD) technique on glass substrates under different growth conditions (growth 
temperature, pressure and the flow rate of the gases) and their electrical properties 
were studied by the Hall-effect technique. The electrical properties of the samples 
were first studied at room temperature, after which the samples were cooled down in a 
closed cycle He cryostat.  
 
Before conducting the temperature dependent Hall-effect measurements, the 
reliability and reproducibility of the measurements in terms of the Hall-effect 
equipment and the samples at room temperature was investigated. In the first part, 
which involved investigating the reproducibility of the measurements with regard to 
the Hall-effect equipment, an approximately 5 × 5 mm2 piece was cleaved from a 
MOCVD grown ZnO layer (sample A52). The film was measured to be 1.03 µm 
thick. Using the van der Pauw geometry described in section 3.2, the same piece of a 
sample was measured three successive times under nominally identical conditions and 
the table 5.1 shows the results obtained. The results showed that the equipment 
reproduced the measurements within experimental error.  
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       Table 5.1: Hall measurements from a single sample, A52 (a) 
 
Resistivity (Ohm.cm) 0.52 0.52 0.52 
Mobility (cm2/V.s) 79.3 78.7 78.5 
Carrier concentration (cm-3) 1.51 × 1017 1.44× 1017 1.48 × 1017 
 
The second investigation involved measuring the electrical properties of 5 × 5 mm2 
pieces cleaved from different regions of sample A52 to determine the variation of the 
electrical properties across the whole sample. Table 5.2 shows the reproducible 
electrical properties of the measurements on three different pieces, indicating that 
there is fairly good correlation the electrical properties across the sample.  
 
Table 5.2: Hall measurements from three different pieces cleaved from Sample A52 
 
Sample name ρ (Ohm.cm) µ (cm2/V.s) n (cm-3) 
A52 (a) 0.52 79 1.5 × 1017 
A52 (b) 0.35 76 2.5 × 1017 
A52 (c) 0.48 87 1.4 × 1017 
 
It is worth noting that in contrast to the carrier concentration measurement, the 
mobility measurement does not require a value for the layer thickness. So comparing 
samples A52 (a) and (b), the similar mobility values suggests that the two pieces have 
very similar qualities. The difference in the carrier concentrations could simply be 
related to a variation in film thickness. For example, a thickness of 0.6 µm instead of 
1.0 µm would explain the variation in carrier concentration. Such a thickness 
variation across the layer is quite possible, considering the dimensions of the reactor 
geometry. On the other hand, the increased mobility for sample A52 (c) reflects better 
quality material. This piece was cut from the edge of the sample furthest away from 
the inlet flow direction of the gases. 
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5.2 MEASURED VERSUS REPORTED MOBILITIES  
 
After the Hall measurements on the ZnO layers from this study were found to be 
reproducible, the carrier concentration and mobility measurements at 300 K were 
compared to measurements on ZnO layers reported in literature as depicted by  
figure 5.1.   
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Figure 5.1: 300 K data comparing mobilities measured in this work (solid 
circles) with those reported in literature (open shapes) for as-
grown ZnO layers on either glass or sapphire substrates, grown 
by MOCVD. 
 
The measured room temperature electron concentrations from this study are of the 
order of 1017 cm-3 and the mobilities vary from 50 - 95 cm2/ Vs as depicted by figure 
5.1 above. The mobilities presented in figure 5.1 from this work were obtained over a 
period of time, with the highest mobility of 95 cm2/ Vs being one of the latest 
measurements. The improvement in the layers was obtained through a constant 
optimisation of the growth conditions such as growth temperature, pressure and the 
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flow rates of the gases. The mobilities of thinner layers were also influenced to a 
larger degree by the presence of the interfacial layer. A detailed explanation about the 
influence of the growth parameters and the thickness on the electrical properties of 
ZnO layers will be discussed in the next section. 
 
It must be emphasized that in figure 5.1, the data points from other workers refer to 
published data for undoped ZnO layers, grown specifically by MOCVD on either 
sapphire or glass substrates. From figure 5.1 it is clear that the samples grown 
recently for this study are amongst the best ZnO layers grown on glass that have been 
reported to date. It is generally accepted that ZnO grown on glass substrates typically 
exhibits very low mobilities [8] so the observed improvement of the layers in this 
study demonstrates the feasibility of applying the ZnO films grown on glass in device 
development.  
 
The typically lower mobilities observed in the ZnO layers, especially when compared 
to bulk ZnO which produces a 300 K mobility of 205 cm2/ Vs and a corresponding 
electron concentration of 6 ×1017  cm-3 [9], has been partly attributed to the highly 
defective region at the ZnO/substrate interface [10]. More about the interfacial layer 
will be discussed in section 5.3.  
 
Reports however show that this defective region can be compensated for by inserting 
a low temperature buffer layer; this method has proved effective with mobilities well 
over Vs/ cm100 2 measured [11-13]. The highest reproducible mobility for ZnO 
epilayers reported to date is 155 cm2/ Vs. This was achieved by inserting a ZnO 
relaxation layer grown at reduced temperatures by pulsed laser deposition [11, 12]. 
The use of low temperature buffer layers and an optimised VI/II ratio in the molecular 
beam expitaxy growth of ZnO layers has led to a high and reproducible mobility of 
130 cm2/ Vs [13].  
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5.3 THE INFLUENCE OF THE INTERFACIAL LAYER 
 
It must be noted that the Hall results presented up to this point in this chapter were as-
measured results. When the 300 K Hall-effect measurements revealed that the 
samples from this work were good quality layers, the temperature dependent  
(18 – 300 K) measurements were carried out in order to obtain more information 
about the layers. Figure 5.2 depicts both the measured and the corrected variable 
temperature electron concentration data for a particular ZnO layer. Starting off at high 
temperatures and proceeding towards the lower temperatures the measured electron 
concentration decreases. This is due to carrier freeze-out in the donors, suggesting that 
at very low temperatures the free electron concentration of the ZnO layer is very low. 
The electron concentration data then stabilises at temperatures below 35 K signifying 
a conductive interfacial layer which is dominant in that temperature range.  
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Figure 5.2: The dependence of the uncorrected and corrected electron 
concentration data on temperature for sample A88. 
 
The influence of the interfacial layer was also observed in the mobility data (see 
figure 5.3). Starting off at 300 K, the mobility increases with decreasing temperature  
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until it reaches a maximum at about 175 K after which it decreases with further 
decrease in temperature. The mobility data also stabilises at temperatures below 35 K, 
as shown by figure 5.3, demonstrating the existence of the conducting interfacial 
layer.  
 
The interfacial layer was accounted for by assuming the two-layer Hall model 
described in section 3.5, where the electron concentration and electron mobility were 
corrected by using equations 3.28 and 3.29, respectively. The carrier concentration 
and mobility of the interfacial region were estimated to be the measured electron 
concentration and mobility for the layer at low temperatures (below ~ 35 K) since the 
electrical properties of the interfacial layer will dominate in that temperature region. 
The carrier concentration and mobility of the interfacial layer were estimated to be 
17
2 1025.6 ×=Hn cm
-3
 and /Vscm17 22 =Hµ respectively. 
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Figure 5.3: The dependence of the uncorrected and corrected electron 
mobility data on temperature for sample A88. 
 
From figures 5.2 and 5.3 it can be clearly seen that the interfacial layer affects the 
measurement of the electron concentration and mobility of the layer over the full  
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temperature range and not just at the low temperatures. The carrier concentration data 
would appear to reveal the presence of two donors, one dominant at higher 
temperatures and the other one dominant at lower temperatures. The concentrations 
and energies of these donors have been determined for several samples and will be 
discussed in section 5.6. The values of these energies were found to vary from sample 
to sample, depending on the sample growth conditions and therefore the next section 
will focus on the influence of the growth parameters on the electrical properties.  
 
5.4 INFLUENCE OF THE GROWTH PARAMETERS 
 
The results presented in the subsections below were measured at 300 K by the Hall-
effect technique on ZnO layers grown on glass substrates by MOCVD. The results to 
be presented are measured data (ie, without any corrections for the interfacial layer). 
The measured electrical properties of the layers were found to be strongly dependent 
on the growth conditions, such as the growth temperature, the VI/II ratio and the 
growth time which effectively varies the thickness of the layers. The growth 
conditions yielding optimum electrical properties were found to be reproducible and 
reliable. 
 
5.4.1 Influence of growth temperature 
 
The carrier concentration measurements (insert of figure 5.4) do not show a clear 
dependence on the growth temperature. However, the mobility measurements have 
undisputedly shown that for the MOCVD reactor geometry used in this study, crystal 
growth at a temperature of 380 °C produced layers with the highest mobility. It was 
also observed though that the growth temperature, VI/II ratio and the growth time 
were interdependent and only certain values of these parameters were responsible for 
high mobilities. 
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Figure 5.4: Measured electron mobilities for a series of ZnO layers grown 
by MOCVD on glass substrates at different growth 
temperatures (as determined from 300 K Hall-effect 
measurements).  The insert shows the measured electron 
concentrations for the same layers 
 
5.4.2  Influence of the VI/II ratio 
 
Figure 5.5 shows a dependence of the mobility and carrier concentration on the VI/II 
ratio. Looking closely at the mobility, it is almost constant for the lower VI/II ratios,  
7.5 - 30. The mobility then increases and reaches a maximum for a VI/II ratio in the 
range 60 - 75. As seen in the insert of figure 5.5, this range also yielded the lowest 
carrier concentrations. It is worth mentioning that the VI/II ratio 60, has been 
established as the optimum ratio for the growth system used in this study for 
producing the highest mobility layers. 
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Figure 5.5: The dependence of the electron mobility on the VI/II ratio for 
ZnO layers grown at 380 °C by MOCVD on glass substrates as 
determined by Hall-effect measurements.  The insert shows the 
variation of the measured electron concentration as a function 
of the VI/II ratio for the same layers 
 
In figure 5.5, further increasing the VI/II ratio beyond 75 led to a decrease in the 
mobility. For the highest VI/II ratio investigated, 105, the mobility reaches a very low 
value of 6 cm2/Vs. The reduction of the mobility of ZnO layers under increasingly 
oxygen-rich growth conditions (ie, high VI/II ratios) has been attributed to the 
generation of oxygen interstitials, Oi, which act as deep acceptors [14]. On the other 
hand, an increasing concentration of deep acceptors would cause the material to 
become more compensated with a lower measured free carrier concentration. This is 
not seen in figure 5.5. It is therefore suggested that the high VI/II ratio causes a high 
concentration of intrinsic defects such as Oi, which act as scattering centres and 
reduce the mobility. In this study as well it became apparent that the VI/II ratio, 60, 
has to be used along with the established optimum growth temperature, 380 °C and 
growth time outlined in the sub-section below to produce the high mobilities.  
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5.4.3 The influence of thickness 
 
0 1 2 3 4 5 6 7
40
50
60
70
80
90
100
0 1 2 3 4 5 6
8E17
9E17
1E18
2E18
 
 
Ca
rr
ie
r 
Co
n
ce
n
tra
tio
n
 
(cm
-
3 )
Thickness (µm)
 
 
M
o
bi
lit
y 
(cm
2 /V
s)
Thickness (µm)
 
Figure 5.6: The thickness dependence of the electron mobility of ZnO layers 
grown by MOCVD on glass substrates as determined at room 
temperature by the Hall-effect measurements.  The insert shows the 
variation of the measured electron concentration as a function of the 
thickness for the same layers. The solid line serves as a guide to the 
eye. 
 
The variation of thickness of the layers was achieved by varying the growth time 
(keeping the other growth conditions constant). The study of the influence of varying 
the thickness on the electrical properties was conducted after establishing the 
optimum growth temperature, 380 °C and the VI/II ratio, 60. The electron mobility of 
the layers as depicted by figure 5.6, initially increases with increasing layer thickness, 
reaches a maximum and then decreases again. The optimum thickness for the layers 
from this study was found to be between 2.5 and 4.5 µm since the highest mobilities 
were obtained for these thicknesses.  
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The observed dependence of the mobility on the thickness is similar to that reported 
by Jeong et al. [15] on Al-doped ZnO layers grown on glass substrates. They 
observed that the mobility initially increased with increasing thickness, reaching a 
maximum and then decreased again. They attributed the apparent increase in the 
mobility to improved crystallinity of the films but did not supply an explanation for 
the decrease in the mobility with further increase of the thickness.  Kishimoto et al. 
[16] reported from their study of the mobility dependence on the thickness of ZnO 
layers grown on glass substrates that the mobility initially increases and then saturates 
at a considerably higher mobility value than the value measured for the thinnest 
sample. They attributed the increase in the mobility to improvement of the crystalline 
structure as well. Yu et al. [17] reported a continuous increase in the mobility of Ga-
doped ZnO layers grown on glass substrates, which they also attributed to improved 
crystallinity. It is important to note however, that their studies were on significantly 
thinner layers compared to the ones from this study (the thickest layer they 
investigated was 1 µm). 
 
In figure 5.6, the lower mobility measured for the thinnest sample (0.7 µm) is 
attributed to the strong influence of the interfacial layer. The observed increase in the 
mobility after increasing the layer thickness is then a result of the suppression of the 
interfacial layer influence. It is suggested that the decrease of the mobility for layer 
thicknesses greater than ∼ 4 µm is due to a possible outdiffusion of impurities from 
the glass substrate during the extended growth time required for the deposition (note 
that the ∼ 6 µm thick layer required a growth time of 3 hours). 
 
5.5 SCATTERING MECHANISMS IN ZnO.   
 
Temperature dependent Hall mobility measurements on several ZnO layers grown by 
MOCVD on glass substrates were analysed to establish the dominant electron 
scattering mechanisms in the layers. Figure 5.7 represents a typical logarithmic plot of 
the electron mobility versus temperature. The measurements were taken on sample 
A88 which was grown at a temperature of 380 °C, a VI/II ratio of 60 and with a 
thickness of around 2 µm. The Hall data presented in this section has already been 
corrected using the two layer Hall model. In figure 5.7, starting off at high 
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temperatures, the measured electron mobility increases with decreasing temperature. 
It reaches a maximum at around 160 K. The mobility thereafter decreases with further 
decrease in temperature in the region between 30 and 160 K. At temperatures below 
30 K the mobility seems to be approaching a constant value. 
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Figure 5.7: The dependence of the corrected electron mobility data on 
temperature for sample A88. The lines 1 and 2 represent the 
theoretical mobilities due to grain boundary scattering. Lines 3 
and 4 represent the ionised impurity scattering and the acoustic 
deformation potential scattering respectively. 
 
The temperature dependent mobility curve was thereafter fitted by the theoretical 
equations described in detail in chapter 3 [equation 3.20, 3.21, 3.24] to establish the 
dominant scattering mechanisms in the layers. The different theoretical equations 
have been evaluated separately for the sake of clarity. In figure 5.7, the experimental 
data was fitted assuming that the grain boundary scattering process (equation 3.24) is 
the dominant process. The excellent fit (shown by line 1 in figure 5.7) indicates that 
the experimental data is well described by the grain boundary scattering equation in 
the temperature region 85 K - 300 K. The fit yielded the following parameters, ΦB = 
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0.08 eV and the grain size, l  = 0.6 µm. The barrier height obtained in this fit is less 
than the value that has been obtained for polycrystalline ZnO (which is ΦB = 1 eV) 
while the length is in the range of the reported values, 0.2 -1 µm [18]. On the other 
hand, the low barrier height is consistent with the findings of Addonizio et al. [19], 
who calculated ΦB = 0.02 - 0.03 eV for Al-doped ZnO films. The experimental data at 
temperatures below 85 K deviates considerably from the calculated mobility (shown 
by line 2 in figure 5.7) indicating that the mobility in that temperature range is not 
primarily controlled by the grain boundary scattering.  
 
To establish the dominant scattering mechanism in the low temperature region 
therefore, the data was then evaluated using other theoretical mobility equations. The 
dominant electron scattering mechanism usually observed at lower temperatures in 
many semiconductors is ionised impurity scattering; in a logarithmic plot of the 
mobility it is characterised by a linear region with a slope of 1.5. For sample A88 the 
low temperature region of the logarithmic plot of the mobility was found to be linear 
with a slope of 0.95; this is clearly smaller than a slope of 1.5. From this we may 
conclude that for this sample, ionised impurity scattering is not the dominant 
scattering mechanism at low temperatures. It is possible however that in the low 
temperature region, there are two or more scattering mechanisms dominant that limit 
the mobility and hence producing a non recognisable mobility dependence on 
temperature. It is to be noted that these ZnO layers were grown on mismatched glass 
substrates and therefore dislocations could potentially be present and may serve as 
additional scattering centers, as discussed in section 2.3.  
 
As depicted by figure 5.7, the data was also fitted with the acoustic phonon scattering 
equation. For electron scattering by acoustic phonons one would expect a slope of -
1.5. It was unfortunately not possible to carry out Hall-effect measurements at 
elevated temperatures for sample A88. However, it would appear that at higher 
temperatures the mobility measurements of figure 5.7 could well approach a gradient 
of -1.5. Hall measurements at higher temperatures would be required to confirm this. 
 
Interesting results presented in figure 5.8 were obtained from sample A52 which was 
grown at a temperature of 380 °C and VI/II ratio of 60. Note that the layer was grown 
several months before sample A88 and gave lower mobility values. 
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Figure 5.8: The dependence of the corrected electron mobility data on 
temperature for sample A52. The red line represents the 
theoretical mobility due to grain boundary scattering and the 
blue line represents calculated mobility due to ionised impurity 
scattering. 
 
At lower temperatures (25 – 100 K) the logarithmic plot of the mobility versus 
temperature exhibited a linear region with a slope very close to 1.5. This is an 
indication that the mobility in that temperature is limited by ionised impurity 
scattering. The data was also fitted by the grain boundary scattering equation and a 
good fit to the data was obtained in the temperature region 88 – 300 K. 
 
5.6 DEFECT LEVELS IN ZnO 
 
Figure 5.9 depicts the typical analysis of the temperature dependent (18 – 300 K) 
corrected electron concentration data to obtain the donor and acceptor concentration 
for the ZnO layers in this work. The corrected electron concentration data was fitted 
by the carrier concentration theoretical equation 3.14 (chapter 3) to obtain the donor 
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and acceptor concentrations and the donor activation energy. The fitted electron 
concentration data has already been corrected for the interfacial layer. 
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Figure 5.9 Corrected electron concentration data for sample A88 and a 
theoretical fit (line) as a function of inverse temperature. 
 
The activation energy of the donor dominant at higher temperatures for sample A88 
was found to be meV13 with a corresponding concentration of -317 cm103.6 × . The 
acceptor concentration was found to be -315 cm102 × . The low temperature carrier 
concentration data was fitted as depicted by figure 5.10. The resulting activation 
energy dominating at low temperatures was estimated to be a low value of 3 meV 
with a corresponding donor concentration of -317 cm104 × . This low activation energy 
may possibly be related to the impurity conduction mechanism that is likely to be 
dominant at low temperatures. 
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Figure 5.10 Corrected electron concentration data for sample A88 and a 
low temperature fit (red line) as a function of inverse 
temperature. 
 
Several samples grown under different conditions were investigated and the donor 
concentrations and corresponding energies were determined and have been tabulated 
below. 
 
Table 5.3: Donor ionisation energy and concentration obtained from the Hall 
measurements of samples. The table also presents the mobilities and the acceptor 
concentration.  
 
Sample )) ))(
cm
( ((
N 3D
−
 
)) ))(
cm
( ((
N 3A
−
 /Vs
)) ))(
cm
( ((
μ 2  
(
meV
)( )( )( )
ED  A1 17107 ×  15102×  44 58 
A4 17102×  15102×  42 50 
A52(b) 17104×  15105×  76 27 
A52(c) 17102×  15105×  82 28 
A88 17106×  15105×  95 13 
 
Sample A1 and A4 were grown under nominally identical conditions, on glass 
substrates. The growth temperature was 420 ° C. Samples A1 and A4 exhibited donor 
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activation energies of 58 and 50 meV respectively. These donor activation energies 
are in the range of the donor energies listed in section 2.3.1 which have been reported 
by different groups. The reports show that bulk ZnO grown by vapor phase techniques 
typically produces two donors, a deeper one of 60 meV dominant at higher 
temperatures and a shallower one of 30 meV dominant at low temperatures [20]. The 
reports also show that ZnO layers grown by pulsed laser deposition (PLD) on 
sapphire substrates [11] exhibit only one donor, the 60 meV donor. This donor, in 
both the bulk ZnO grown by vapour phase techniques and the ZnO thin film grown by 
PLD, has been attributed to AlZn (aluminium sitting on a zinc lattice site).  
 
The reasoning behind assigning the donor to AlZn in bulk ZnO is the fact that high 
carrier concentrations (~ -317 cm10 ) were measured in the layers and intentionally 
doping ZnO with aluminium always leads to increased carrier concentrations. Another 
supporting reason is that aluminium is known to be a contaminant of ZnO introduced 
perhaps during the growth process [21]. In the PLD layers grown on sapphire 
substrates the dominant donor has been attributed to aluminium incorporated via 
diffusion from the substrate during the growth process [11]. It is worth noting that 
typical growth temperatures for PLD growth are in the range of 500 °C [22]. 
 
Following the above arguments, the donor energies produced from an analysis of the 
Hall measurements for samples A1 and A4 therefore have been attributed to AlZn as 
well. It is believed that AlZn is a feasible donor in these samples because the layers 
were grown on corning glass, which has aluminium as a contaminant. At a 
sufficiently high growth temperature such as 420 ° C, aluminium is likely to diffuse 
from the substrate and be incorporated in the ZnO layer.  
 
Attempts to measure the shallower donor energy, dominant at lower temperatures, 
resulted in activation energies of between 3 – 8 meV for both samples. As already 
mentioned, this activation energy is assumed to be related to the impurity (hopping) 
conduction mechanism that will dominate at low temperatures. It is quite clear that the 
30 meV level reported for bulk ZnO [20] was not present in layers A1 and A4. It is 
interesting to note that only one donor was measured in the PLD grown layers [11].   
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Returning to table 5.3, samples A52 (b) and A52 (c) are samples from the same 
growth run (sample A52). The growth temperature for A52 was kept at 380 °C (ie, 
lower than the 420 °C used for samples A1 and A4). The activation energy was 
measured and found to be 27 and 28 meV for samples A52 (b) and A52 (c) 
respectively, as shown in table 5.3. This donor is in the same energy range as the 30 
meV donor measured in bulk ZnO grown by the seeded chemical vapour deposition 
technique. This donor was initially assigned to the point defect Zni [23] from 
theoretical calculations which revealed that Zni is very shallow in ZnO. Annealing 
experiments subsequently showed that this donor disappeared when the samples were 
annealed at temperatures above 600 °C. Hydrogen was subsequently accepted as the 
candidate for this shallow donor [24]. A very recent report however has attributed this 
shallow donor in bulk ZnO to a complex of the point defect Zni from irradiation 
experiments [25].  It is also worth noting that Theys et al. [2] measured a donor 
activation energy of 26 meV in ZnO layers grown by MOCVD on sapphire substrates.  
In their paper the donor was reported as unidentified [2].  
 
The activation energy obtained for the dominant donor in sample A88 is clearly 
smaller than the other energies presented in table 5.3 and has not been reported to date 
by other researchers. The fact that it is not comparable to the other samples measured 
in this study is interesting because the layers have been grown on the same substrates 
by the same growth technique. It was shown in section 5.4 that the electrical transport 
properties are very sensitive to the growth conditions. It may well be that some subtle 
(undetected) difference in the growth conditions is responsible for sample A88 
exhibiting a different donor activation energy. An alternate explanation to explain the 
existence of the 13 meV donor level in sample A88 is the following: For most of the 
samples (including A1, A4 and A52), it was necessary to anneal the sample at 500 °C 
for one hour to obtain low resistance ohmic contacts suitable for Hall measurements. 
In the case of sample A88, however, the In metal contacts were found to have a 
sufficiently low resistance and no annealing at 500 °C was necessary. 
 
A final note of interest is that the activation energies measured in this work do not 
compare well with the activation energies reported for bulk ZnO. However, it seems 
as if that is the case with all the activation energies reported on ZnO layers as 
discussed above. The reported activation energies for both bulk and ZnO layers have 
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been presented in table 5.4. The bulk ZnO was grown by seeded chemical vapour 
deposition (SCVD) and also the hydrothermal technique. The layers were grown by 
PLD, MBE and MOCVD techniques.  
 
Table 5.4: Reported donor ionisation energies obtained from the Hall measurements 
on bulk ZnO and epitaxial layers with corresponding substrates.  
  
Sample Substrate ED1 (meV) ED2 (meV) ED3 (meV) Reference 
SCVD bulk - 34 67 - Grundmann et al. [11] 
SCVD bulk - 31 61 - Look et al. [20] 
PLD layer Sapphire - 65 - Grundmann et al. [11] 
MBE layer Sapphire 110 - - Tampo et al. [26] 
MOCVD layer Sapphire 26 - - Theys et al. [2] 
Hydrothermal - - - 299 Grundmann et al. [11] 
Hydrothermal - - - 340 Look et al. [20] 
 
 
5.7 THE INFLUENCE OF HYDROGEN IN ZnO 
 
Temperature dependent Hall-effect measurements were carried out on several n-type 
ZnO layers to observe the influence of hydrogenation on the electrical properties. The 
results obtained were found to be consistent and also in keeping with literature. 
Hydrogen was easily incorporated in the ZnO by exposing the layers to hydrogen 
plasma at temperatures ranging from 150 - 200 ° C for 30 minutes. Successful 
incorporation caused an increased carrier concentration of the layers. To verify that 
the change in the electrical properties was indeed due to incorporation of hydrogen 
and not mere annealing at 200 ° C, the layers were prior to the hydrogen plasma 
treatment annealed for 30 min at 200 ° C in vacuum. There were no significant 
changes in the electrical properties before hydrogen plasma treatment.  
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Figure 5.11: Temperature dependent electron concentration data for a ZnO 
layer (A88) before and after hydrogen plasma exposure. 
 
Figure 5.11 reveals a noticeable increase in the carrier concentration after hydrogen 
plasma treatment. The carrier concentration at 300 K increased from 7.5 x 1017 cm-3 to 
1.75 x 1018 cm-3 after hydrogenation; this represents an increase of 2.7.  By 
comparison, the carrier concentration at 18 K increased from 6.2 x 1017 cm-3 to 2.05 x 
1018 cm-3 after hydrogenation, representing an increase of 3.3. As the low temperature 
measurements are dominated by the defective interfacial layer, this would suggest that 
the defects in the interfacial layer acted as trapping sites during the hydrogen plasma 
treatment, trapping a large percentage of the diffusing hydrogen in the interfacial 
region. 
 
The hydrogen plasma treated sample shows the same variation of the electron 
concentration with temperature as that observed in the as-grown ZnO. Starting off at 
room temperature, the electron concentration decreases with decreasing temperature 
indicating carrier freezeout in that region. The electron concentration thereafter 
increases with further decrease in temperature and then stabilises at temperatures 
below 35 K.  
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In this low temperature region the electron concentration does not vary, indicative of 
conduction by a degenerate layer. This conduction is confirmed by the Hall mobility 
versus temperature curve presented in figure 5.12, where the mobility initially 
increases with decreasing temperature, reaches a maximum and then decreases with 
further decrease in temperature. At temperatures below 35 K the mobility curve 
becomes flat indicating conduction by a degenerate layer.   
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Figure 5.12: Temperature dependent Hall electron mobility data for a ZnO 
layer (A88) before and after hydrogen plasma exposure. 
  
The observed increase in carrier concentration in the hydrogen plasma treated samples 
is consistent with literature. The behaviour has been attributed to either hydrogen 
passivation of compensating acceptors present in as-grown ZnO layers. It has been 
shown that hydrogen plasma treatment of ZnO leads to the passivation of the deep 
acceptors in ZnO such as ZnV (0.42 eV), iO (0.44 eV) and ZnO (0.44 eV) leading to an 
increase in the n-type conductivity [27, 2]. Alternatively, the increase in the carrier 
concentration has also been attributed to hydrogen introducing a donor state and 
thereby increasing the free carrier concentration [28]. According to figure 5.12, 
exposing ZnO layers to the hydrogen plasma decreases the mobility. This decrease in 
the mobility may be explained by the increase in the free electron concentration [2].  
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The energy for the donor that is dominant at higher temperatures was determined in 
section 5.6 to be meV13 for sample A88 and the same donor energy was measured at 
higher temperatures for the hydrogen plasma treated sample. This led to the 
conclusion that the donor energy measured in hydrogen plasma treated samples is of 
the same nature as the donor that is measured in as-grown samples. Interestingly, no 
evidence was found for the donor level at 44 meV that was recently assigned to 
hydrogen by Look et al. [25] 
      
The influence of hydrogenation was again studied in sample A4; a ZnO layer grown 
by MOCVD on glass substrate at a high temperature of 420 °C. In this layer hydrogen 
was easily incorporated under similar conditions as those used for sample A88, by 
annealing the sample at a temperature of 200 °C and exposing it to hydrogen plasma 
for 30 min.  
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Figure 5.13: Temperature dependent electron concentration data for a ZnO 
layer (A4) before and after hydrogen plasma exposure. 
 
Figure 5.13 shows an increase in the carrier concentration after hydrogen 
incorporation as was observed for sample A88. The activation energy of the donor 
dominant at higher temperature in as-grown sample A4 was reduced slightly from 50 
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meV to 45 meV after hydrogen plasma treatment. It can be noted that this 45 meV 
donor is similar to the 44 meV donor measured by Look et al. [24] which he 
attributed to hydrogen but further work on a variety of studies is required to confirm 
its identity. As before, measurements at low temperatures indicated that relatively 
more hydrogen was incorporated in the interfacial region, due to the trapping effect of 
the defects. The mobility however exhibited a different behaviour to that observed in 
sample A88 where introduction of hydrogen in the layer caused a decrease in the 
mobility. Figure 5.14 shows an improvement in the mobility after introducing 
hydrogen into the layer.  
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Figure 5.14: Temperature dependent Hall electron mobility data for a ZnO 
layer (A4) before and after hydrogen plasma exposure. 
 
In trying to explain why the mobility increases for sample A4 after incorporating 
hydrogen, it is worth noting that as-grown samples A88 and A4 have roughly the 
same carrier concentration values but sample A88 has considerably higher mobility 
values. It is possible therefore that sample A4 contained unintentional impurities or 
intrinsic defects such as ZnV , iO  and ZnO  that limited the mobility but could be 
passivated by hydrogen resulting in the increased mobility after hydrogen plasma 
treatment. 
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The influence of subsequently annealing the hydrogenated ZnO samples was studied 
by the temperature dependent Hall-effect technique. Hydrogen was incorporated to 
ZnO layers grown by MOCVD on glass substrates and the hydrogenated layers were 
then annealed at 500 °C for 1 hour. The results presented were carried on sample A52 
(b). The behaviour of sample A52 (b) was found to be in keeping with all the samples 
and literature. 
0 10 20 30 40 50 60
1E17
5E17
1E18
5E18
 
 
Ca
rr
ie
r 
Co
n
ce
n
tra
tio
n
 (c
m
-
3 )
1000/Temperature (K-1)
 as-grown ZnO
 H plasma treated ZnO
 Subsequently annealed H plasma treated ZnO 
   
Figure 5.15: Temperature dependent electron concentration data for a ZnO 
layer (A52 (b)) before and after hydrogen plasma exposure as 
well as after subsequent annealing. 
 
Annealing the hydrogenated samples reduced carrier concentration to almost the 
original as-grown carrier concentration values. In some layers annealing for an hour 
reduced the carrier concentration to even below its original as-grown carrier 
concentration value. The carrier concentration variation with temperature is observed 
from figure 5.15 to be the same as before and after plasma exposure. The reduced 
carrier concentration is in keeping with previous reports where it was observed that 
hydrogen can easily diffuse out of ZnO by annealing at temperatures between 500 °C 
and 600 °C.     
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Chapter 6 
 
CONCLUDING REMARKS 
 
In this work, n-type ZnO layers grown by MOCVD on glass substrates under various 
ambient conditions were electrically characterised by the Hall-effect technique. The 
ohmic contacts to the layers were achieved by soldering indium and the temperature 
dependent Hall-effect measurements were successfully carried out in the temperature 
range 20 – 300 K. This metallisation technique for producing ohmic contacts, 
however, proved to have limitations such as the unreliability of the contacts when 
studying the Hall-effect at temperatures higher above room temperature. The 
unreliability of the contacts was attributed to the low melting point of indium, 156 °C.  
 
High and reproducible electron mobilities ranging between 60 – 95 cm2/Vs with 
corresponding carrier concentrations around 1017 cm-3 were measured indicating good 
quality layers grown. The layers were found to be weakly compensated with acceptor 
concentrations of around 2 ×1015 cm-3. The mobility of 95 cm2/Vs measured in the 
layers from this study is to our knowledge the highest mobility reported to date on as-
grown ZnO layers by MOCVD on glass substrates without a buffer layer. The quality 
of the layers as indicated at least by the mobility was found to be strongly dependent 
on the MOCVD growth conditions. The influence of the growth parameters such as 
the growth temperature, VI/II ratio and growth time (change in the growth time 
effectively changes the thickness of the layers) was investigated. The optimum growth 
parameters for the MOCVD reactor geometry used in this study were found to be a 
growth temperature of 380 °C, VI/II ratio of 60 and a thickness of around 2 – 4 µm. 
 
The analysis of the temperature dependent Hall-effect measurements on the ZnO 
layers showed a presence of a highly conductive layer at the ZnO/glass interface. The 
interfacial layer was shown to influence the Hall measurements throughout all 
temperature ranges. The interfacial layer was accounted for by assuming the two Hall 
layer model. The corrected carrier concentration data was then fitted by theoretical 
equations to determine the donor activation energies. Several donor energies ranging 
from 13 – 60 meV were measured. The variations for the different samples were 
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attributed to differences in the growth conditions. A donor activation energy of 50 – 
58 meV was measured in some layers and was attributed to the impurity AlZn 
(aluminium sitting on a zinc site). Other layers exhibited a donor activation energy of 
around 28 meV and this donor has been attributed to the point defect, ZnI. A 13 meV 
was measured for the first time, its identity is at present unknown. The temperature 
dependent electron concentration data, at low temperature, also revealed a small 
activation energy ranging between 3 – 8 meV and it has been attributed to impurity or 
hopping conduction.   
 
The corrected mobility data was also fitted by theoretical equations to establish the 
dominant scattering mechanisms in the layers. It was found that in the temperature 
range 85 – 300 K scattering of the free carriers (electrons) by grain boundaries is 
dominant. The best fit to the data in this temperature range yielded ΦB = 0.08 eV for 
the grain barrier height and l  = 0.6 µm for the grain size. This barrier height is much 
smaller than the value of ΦB = 1.0 eV that has been reported before. On the other 
hand, the low barrier height is consistent with the findings of Addonizio et al. [1], 
who calculated ΦB = 0.02 - 0.03 eV for Al-doped ZnO films. One must conclude that 
the carriers do not see the full potential associated with the grain boundaries. It may 
be that the transport mechanism for the carriers across the grains is not dominated by 
thermionic emission, but that the high carrier concentration (of the order of 1017 cm-3) 
causes tunneling to also occur. Whatever the reason, one can conclude from the high 
carrier mobilities that the electrons are easily able to overcome the potential barriers 
created by the grain boundaries. It is also interesting to comment on the measured 
grain size of l  = 0.6 µm. Although this is in the expected range of 0.2 -1 µm, it is 
much larger than the ∼ 33 nm that was recently measured for similar layers using the 
Scherrer formula [2].  
 
At temperatures below 85 K the transport process is suggested to be limited in some 
layers by ionised impurity scattering and in some layers by both the ionised impurities 
and grain boundaries.  
 
The influence of exposing the ZnO layers to hydrogen plasma was also studied. It was 
found that hydrogen is readily incorporated in ZnO and causes increased carrier 
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concentrations. The increase in the carrier concentration could be attributed to either 
the hydrogen passivation of acceptors present in as-grown ZnO or to hydrogen 
introducing a donor state. However, temperature-dependent Hall measurements 
showed that the samples were not highly compensated (the acceptor concentration 
was measured to be of the order of 1015 cm-3 – approximately two orders of 
magnitude lower than the donor concentration). One must therefore conclude that the 
significant increase in the free carrier concentration after hydrogenation is due to the 
formation of a hydrogen-related donor level. It is interesting to note that sample A88 
(which had the highest mobility) exhibited a donor level of energy 13 meV before and 
after hydrogenation, while sample A4 (which had a lower mobility) had a donor 
activation energy that reduced slightly from 50 meV before hydrogenation to 45 meV 
after hydrogenation. While it is tempting to relate the 45 meV to the value of 44 meV 
very recently attributed to hydrogen by Look et al. [3], further work on a variety of 
samples will be required to verify this. 
 
Subsequently annealing the hydrogenated layers decreased the carrier concentration 
of the layers to its original value. This would suggest that the hydrogen is effectively 
removed from the ZnO layer by annealing at 500 °C for 1 hour. In some layers the  
500 °C anneal reduced the carrier concentration to a value below the original 
concentration of the as-grown ZnO. This would suggest that the as-grown samples 
contained hydrogen, probably introduced during the MOCVD growth process. This is 
interesting, as the carrier gas used during the growth process was not hydrogen but 
purified argon. However, it must be remembered that hydrogen forms part of the 
molecules of both precursors (diethyl-zinc and tertiary-butanol) used in the MOCVD 
growth of the ZnO layers. Clearly, hydrogen is incorporated extremely efficiently as 
an impurity in ZnO. 
 
Finally, this study has demonstrated how Hall-effect measurements can yield a wealth 
of information regarding the electrical transport properties of ZnO layers grown by 
MOCVD. To take this study further, it would be interesting to correlate the Hall 
measurements obtained with the deep levels present in the material, using deep level 
transient spectroscopy (DLTS). One can anticipate that DLTS may well provide 
answers to some of the questions still outstanding regarding the electrical transport 
properties of this interesting material system. 
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